Abstract: Biodiversity assessment demands objective measures, because ultimately conservation decisions must prioritize the use of limited resources for preserving taxa. The most general framework for the objective assessment of conservation worth are those that assess evolutionary distinctiveness, e
Introduction
There is an instinctive and natural desire to preserve all species across the world, but in reality this "Noah's Ark" approach (Mann & Plummer 1995) is impractical. Resources -financial and otherwise -are limited, the scale of the problem too vast (Agapow et al. 2004) , and blanket protection policies are unlikely to be politically successful. Conservation is necessarily a question of economics and prioritization. How can time and money be spent most efficiently? Which species and populations should be targeted for preservation? What metrics can be used for measuring a species importance?
Given the variety of organisms, sites and environments under consideration, it is initially unclear what quality should be measured by any metric of "conservation worth". Many taxa have qualities that demand their preservation (e.g., being sources of valuable products or other economic benefi ts, scientifi c importance, or cultural value), but for the great majority their values are not so clear and are diffi cult to compare. Even when taxa are clearly "valuable", questions of priority will arise, because the preservation of one taxon may confl ict with that of another. Political success for any conservation scheme is more likely if the proposal is backed by objective measurable data.
Objective criteria for the selection of sites and populations necessary to preserve single species chosen for conservation are relatively well developed (Frankham et al. 2002) . But authoritative estimates of the number of species in the world are around 10 million (May 1992 , Magurran 2005 , so that it is clear that broad-scale solutions are needed rather than dealing with one species at a time.
Ecologists typically regard species richness, the number of species in sites being considered for preservation, as the currency of conservation (Justus & Sarkar 2002 , Gaston & Spicer 2004 . The consideration of species numbers alone may, however, be insuffi cient, because of such factors as general imperfect taxonomic knowledge and variation in the level of this knowledge from one group to another. For some time therefore it has been suggested that the phylogenetic distinctiveness of species be taken into account (reviewed by Crozier (1997) and by Mace et al. (2003) ), a point of view elegantly encapsulated by Wilson (1992) when he defi ned biodiversity as the information content in the world's genomes. The sense of this view is illustrated by the east African great lakes. Some of these are home to more than 1,000 species of cichlid fi shes which appear to have evolved over a very short evolutionary time (Meyer 1993) . Naively relying on species number alone would value this group more than the ungulates, primates and carnivores combined. Using an approach that weights species by their evolutionary distinctiveness returns the cichlids to a value that intuitively seems more correct and undistorted by "cheap" species.
Early applications of phylogeny to conservation relied purely on topology (reviewed by Crozier (1997) ), but the much greater information content in branch-length metrics (recall the cichlid example above) led to their more widespread use and development (Crozier 1992 , Faith 1992 . Two dimensions can be discerned. One distinction is between measures that consider only the tree connecting the species of interest, as against measures that include the root of the tree connecting the species studied to the rest of life. The other considers the lengths of evolutionary branches (e.g., number of substitutions), as against taking account of saturation of differences (e.g., number of positions with different nucleotides). For example, as two DNA sequences diverge following speciation or gene duplication, differences will accumulate as substitutions occur. With time, substitutions will tend to occur at the same positions as earlier ones, so that the rate of divergence slows even though the rate of evolution does not, a distinction well brought out by the phrase of DeSalle et al. (1987) that eventually Hawaiian Drosophila cease to diverge even while continuing to evolve rapidly. Naturally, saturation occurs for more than DNA sequences -birds and fruit fl ies continue to evolve, but few would think that they are still becoming more different from each other. "Phylogenetic diversity" (PD) measures retained diversity as the length of tree retained between the group of interest without taking saturation into account (Faith 1992) :
where n is the number of species and d k , is the length of branch k in the tree.
"Genetic diversity" (GD) resembles PD but takes saturation into account (Crozier 1992) . Specifically, GD estimates the probability that the set of taxa preserves more thanone allele per site:
where p k is the proportion of sites different in state at the two ends of branch, hence 0 Յ p k Յ 1. For molecular data, d k is derived from p k according to one or other of the models of sequence evolution.
"Evolutionary history" (EH) is similar to PD but includes the connection of the subtree to the rest of life (Nee & May 1997) , by always including the node at the root. For symmetry we defi ne a measure "Genetic history" (GH) which uses (2) above but always includes the root node in calculations, thus resembling EH. PD and GD thus deal with unrooted trees whereas EH and GD require rooted ones. Evolutionary history is attractive compared to PD because the analysis then preserves the context within the rest of life, and is appropriate for this study because of the nonmolecular nature of the data.
It has been a truism that conservation of habitats, with thousands or more species each, is preferable to concentrating on conserving particular species, necessarily small in number. The phylogenetic approach goes further, and asks about the evolutionary distinctiveness of species to be conserved. Phylogenetic methods involving whole communities have been applied to aquatic eukaryotic microbes using denaturing gradient gel electrophoresis of total extracted environmental DNA (van Hannen et al. 1998) and to subterranean bacteria via 16S rDNA sequences (Crozier et al. 1999 ).
There is, however, a major impediment to a more general application of phylogenetic methods to conservation, and that is that the vast majority of groups lack complete phylogenies and this situation is unlikely to be corrected in the near future. A workaround for this problem already exists but has yet to be applied to conservation biology problems.
Systematists generally try to make the arrangement of species into taxa mirror the topology of an inferred evolutionary tree, and the various classificatory levels similarly reflect the systematist's judgement as to the degree of difference. Thus, surrogate phylogenies can be inferred from systematic nomenclature, and these phylogenies applied in biodiversity assessment. We here illustrate this method and, using species by site (location) data from four other studies, demonstrate its application using multi-platform computer programs.
Estimates of confi dence in biodiversity estimates are desirable when they can be made (Crozier 1997) . Where surveys are not claimed to yield complete data, the survey data could be used to estimate statistical suffi ciency, such as by using bootstrap or jackknife methods to derive confi dence limits for EH, PD, GD or GH, and sample coverage methods (Chao & Lee 1992 , Chao 2004 ) to obtain confi dence limits for species richness. The entities used for such estimates will differ between groups. For example for social insects the correct unit is closer to the number of colonies (Wilson 1963 , Pamilo & Crozier 1997 , Chapman & Bourke 2001 because these better approximate the number of reproductives than does the number of sterile or infertile workers. In turn, the number of colonies of a species is approximated by the number of pitfall traps with its workers, rather than the absolute number of workers. Such measures are available in one of the programs discussed here, MeSA, and we discuss their use below.
Methods
Systematic nomenclature is used to infer a phylogeny of the species under consideration.
A branch of equal length is allowed for each level in the hierarchy. An example is shown for a selection of social bees with the systematic nomenclature shown in Table 1 , yielding the phylogeny of Figure 1 .
The program TreeMaker allows the conversion of systematic nomenclature into an inferred phylogeny (or the importing of an actual phylogeny, if known) and the recording of the presence of the various species across collection sites, either as presence or absence or as abundance data. Branch lengths can either be one for each change of systematic level, or the distance from the root of the tree to the tips can be divided equally. Biodiversity for different combinations of sites is then determined by the species and resultant phylogeny that would be preserved if the sites are retained, according to whichever metric (e.g. PD, GD, GH or EH) is used. The absolute value of the preserved biodiversity varies with the metric used, but the ranks of combinations of sites are the same (Krajewski 1994) and there is for any particular data set (e.g., that of Crozier et al. (1999) ) a simple interconversion between PD and GD unique to that data set. The absolute values can be important in intuitive evaluationsfor example EH will tend to indicate that more biodiversity is preserved than does PD for the same data.
We have used EH in our calculations here. For the set of bees, a set with Apis mellifera and A. dorsata preserved will have an EH of 4 and one which also preserves Melipona beechei one of 7 (the PD values of these sets are 2 and 7).
The biodiversity preserved by conserving a set of sites is the EH of the species preserved. The program MeSA allows an exhaustive search of combinations of sites, calculating the species richness and EH (and other measures if desired, such as various estimates of species diversity and Table 1 . complementarity) of each combination. Confi dence limits for species richness are asymmetric ones obtained via sample coverage methods. For example the estimator Chao84 (Chao 1984) uses information on the abundance of species which are rare but present to estimate the number of species which are rare but absent. Confi dence limits for the diversity measure used in an analysis (e.g., EH) are obtained by standard jackknife and bootstrap methods, namely by subsampling from the observations seen in a combination and determining EH for each subsample (see Sokal and Rohlf (1995) for a review). Our implementation of jackknifi ng followed standard practice, with each observation being omitted in turn to create a subsample.
The algorithm for converting systematic nomenclature into an inferred phylogeny is implemented in two freely available programs, both called TreeMaker. The fi rst is a Java program storing its data in an SQL database, and is available from http:// homes.jcu.edu.au/∼jc125033/Treemaker.htm. The second, available in Windows and Macintosh versions, stores its data in a structured format in fi les and is available from http://www.agapow.net/ software/treemaker. MeSA is available from http:// www. agapow.net/software/mesa.
We used four data sets to explore the properties of our approach. The fi rst of these example data sets contains information on the presence or absence of 273 species of fl ightless insects in 86 genera from 14 North Queensland localities resulting from a long-running Queensland Museum study directed by G. E. Monteith (Yeates et al. 2002) . The tree inferred from systematics is given in the Appendix as a NEXUS fi le readable by TREEVIEW X. The second data set comes from a transect surveying the occurrences of northern Florida ants in a longleaf pine habitat, involving 72 species in 24 genera from 12 sites (Lubertazzi & Tschinkel 2003) . The third data set stems from a study of New England bog ants (Gotelli & Ellison 2002) using an updated data set recording abundances of 34 species at 22 localities. The fourth data set was inspired by the discovery of a second species of the genus Sphenodon, which as the sister group to all other lepidosaurs is highly isolated phylogenetically (Daugherty et al. 1990 , May 1990 . Sphenodon is now largely limited to sites lacking introduced rats, with the rate of loss dependent on the particular invasive rat species (C. E. Daugherty, pers. comm.) , rendering problematic any examination of the impact of Sphenodon on the conservation worth of sites. We therefore used the list of New Zealand lepidosaurs (Sphenodon and lizards) given by Daugherty et al. (1994) , comprising 62 species placed in five genera, and simulated a set of 15 sites. Each species occurs three times and these occurrences were distributed at random to the 15 sites. The phylogenetic trees and occurrences at sites for the four data sets are given in NEXUS fi les in the Appendix.
For each dataset, all possible combinations of included sites were generated. From the resultant ensemble of sites the genera, species and EH preserved were calculated. These analyses were performed by MeSA. Including the set of all sites, there are 16,383 combinations for the North Queensland Flightless Insects (NQFI) data, 4,095 for the Florida ants (FLA) data, 4,194,303 for the New England bog ants (NEBA) data and 32,767 for the New Zealand Lepidosauria (NZL) data. All the NQFI and FLA data can be meaningfully graphed, but it was necessary to sample from the NEBA and NZL results to yield a more tractable number of points, chosen to be 20,000.
In order to investigate the effects on EH of phylogenetically divergent species, for each data set we distinguished between site combinationshaving remarkably divergent taxa and those without. The impact of a species on EH is expected to refl ect the length of the branch connecting it to the rest of the tree (Crozier 1992 , Faith 1992 . For the NQFI data we selected Austrovelia queenslandica (abbreviated Austrovelia AV01 in the NEXUS fi le), the sole member of the Mesoveliidae in this data set, for FLA we selected Myrmecina americana, sole representative of its tribe, for the NEBA data we selected Amblyopone pallipes, sole member of its subfamily in this ant data set, and for NZL we selected the genus Sphenodon.
To illustrate the use of confi dence limit calculations, we used the Chao84 estimator for the number of species and its confi dence limit, and for estimating the confi dence limits for EH we estimated its standard error (SE) using the jackknife and derived confi dence limits as 1.96 × SE. We used the NEBA data set for this demonstration; but we caution that that although the data are of the right form for the calculation they represent capture records of individual ants, not colonies as we have argued above would be more appropriate.
Regression analyses were made using Statview 4.5 (Abacus Concepts).
Results
Graphs of species number and preserved evolutionary history (fi gure 2) show a strong relationship between these quantities. In every case there is a strong tendency for site combinations with the divergent taxa selected to preserve more evolutionary history than combinations with the same number of species but lacking these divergent taxa.
The number of genera is predictive of evolutionary history preserved (fi gure 2) but with the effect most marked when the number of genera is large (as in the NQFI data set). The relationship between evolutionary history preserved and the number of sites is often not a close one, but there is an evident significant payoff to selecting sites with the selected divergent taxa (fi gure 2). The advantage to selecting sites with these divergent taxa is marked for all data sets except FLA.
The relationship between number of species and number of genera varies between data sets, apparently in proportion to the range of numbers of genera preserved by different site combinations (fi gure 2). There is a very strong relationship for NQFI (a range of 10 to 86 genera preserved) and the weakest relationship is seen for the NZL data (three to fi ve genera preserved).
Statistical analyses are problematic because each site enters into many site combinations, but regression analyses can be at least indicative. For each data set all three independent variables (number of sites, number of genera, number of species) were highly signifi cant under multiple regression (Table 2 ) and all were retained in the model under stepwise regression (Table 3) . For the stepwise regression, the order of entry of terms into the model was number of species Ͼ number of genera Ͼ number of sites for all data sets except NZL (with a very small number of genera), in which the order was number of species Ͼ number of sites Ͼ number of genera. Because giving all results for the confi dence limits for EH and species richness for all sites of an would make for a voluminous table, we present the results of all combinations of dropping one site at a time for the NEBA data, in Table 4 .
Discussion
We have demonstrated a method of using phylogenetic information implicit in systematic nomenclature to assess the conservation worth of sets of reserves using large proportions of their species, in fact potentially all of them. The method is not divorced from direct phylogenetic knowledge because systematists generally seek to make systematic nomenclature refl ect this knowledge, and as it advances will modify the nomenclature. The information already being collected from surveys can be readily entered into the programs TREEMAKER and MeSA, and the results for moderate numbers of reserved (as in the NQFI case) readily sorted using popular spreadsheet programs such as EXCEL, enabling the most biodiverse sets to be easily identifi ed. The number of possible combinations does rise steeply with increasing number of locations, so that obtaining and listing all of these becomes prohibitive in computer time and effort, whether for identifying just species richness or EH. Simulated annealing has been proposed for identifying sets of locations maximising species richness (McDonnell et al. 2002) and this approach can also be used for maximising EH (Agapow & Crozier 2005 ).
The estimates of statistical suffi ciency in Table 4 are not strictly correct for these data, as discussed above, but the results bring out an important point. For some sites 34 species were recorded and others 33, but the 22 combinations formed by dropping one site each time yielded results which did not differ signifi cantly: all the various combinations are not signifi cantly different with respect either to the number of species preserved or the EH. The management implication is that the criteria for choosing between those combinations which do not differ signifi cantly can rest on other grounds than species richness or EH.
The identifi cation of species is commonly a laborious and diffi cult process, so that it is natural that short cuts have been sought that avoid this task. One such short cut is "higher taxon richness", in which higher taxa (such as genera or even families) are counted rather than species. Because higher taxa are more easily identifi ed than species, this method is naturally attractive (reviewed by Crozier (1997) ). In a study of subterranean bacterial communities related through an rRNA phylogeny, Crozier et al. (1999) found that higher taxon richness correlated well with GD. The present results indicate that the number of genera is highly predictive of EH (as gauged using systematic nomenclature) for large data sets. For small to medium sized data sets the predictiveness of EH drops off markedly as the range of number of genera preserved by site combinations decreases. For large data sets, such as NQFI, genus number is highly predictive of species number, a result suggesting that for such studies there could be a saving of effort through identifying specimens to genus only.
Phylogenies or surrogates based on systematic nomenclature have been used in or recommended for ecological studies on community structure (Warwick & Clarke 1994 , Clarke & Warwick 2001 , Webb et al. 2002 , Cattin et al. 2004 , Gotelli 2004 , and estimated functional divergence Table 3 : Final ANOVA tables after all three independent variables (Number of Sites, Number of Genera and Number of Species) were entered into the stepwise regression analysis. In all cases the regressions were signifi cant with P Ͻ 0.0001. The degrees of freedom were as given in has been used instead of phylogeny in examining community structure (Petchey & Gaston 2002 , Petchey et al. 2004 ). There seems therefore to be a widespread move towards going beyond species richness in biodiversity assessment and similar endeavors, as also shown by the use of unit-length morphological phylogenies (Faith et al. 2004 ).
The methods suggested here have limitations. Groups in which there is minimal systematic structure, perhaps because they have radiated recently
and not yet evolved high degrees of divergence, will have a poor refl ection of phylogeny in their nomenclature. There are grounds for optimism, in that a study of the effects of phylogenetic inaccuracy on comparative analysis (Symonds 2002) found that the process is fairly robust against such errors. More serious, given the ambition to cover a signifi cant proportion of the species in habitats (Humphries et al. 1995) , is the lack of consistency across broad taxonomic groups, such as insects and mammals. If a consistent standard could be applied for systematics across at least the metazoa, such as a correspondence between systematic rank and time since origin (Avise & Johns 1999) , then a broad array of animal groups could be included in such analyses. However, as it is, use of the NQFI data set shows that most terrestrial species could be included in analyses.
The argument in favor of a phylogenetic basis for setting conservation priorities was put persuasively by Wilson (1992) and implemented in various metrics by others (reviewed by Crozier (1997) ). However the idea that the object of conservation is to preserve the widest diversity of features in the Terms: n is the observed species richness, S the estimated value and its 95% confi dence limits and EH is Evolutionary History and its 95% confi dence limits.
biota shows that a phylogenetic rationale has long been implicit. But even if the underlying rationale for biodiversity preservation is phylogenetic, need the methods for achieving it be? If large numbers of species are involved, does a phylogenetic approach to assessment still matter (Humphries et al. 1995 , Crozier 1997 )? Our results indicate that phylogeny (gauged through its surrogate of systematic nomenclature) will make the most difference when the number of species is small. However, given that it is much more diffi cult and laborintensive to collect the data than to analyse them, it would seem negligent not to investigate the effects of phylogeny now that there are adequate tools for doing so.
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